The impact of influenza on individuals and on society remains underappreciated. Up to 20% of the population may develop influenza in any given year, and epidemics of influenza are responsible -on average -for 20,000 deaths per year in the US. In some epidemics, this number may climb to more than 40,000 deaths, with over 300,000 influenza-related hospitalizations in a single winter season (1). By far the most catastrophic impact of influenza during the past 100 years was the pandemic of 1918, which cost more than 500,000 lives in the United States (2) and lowered the average life expectancy by almost 10 years.
Epidemiology
The epidemiological success of influenza can be largely explained by the fact that the viruses undergo antigenic change. Strains belonging to two different types (A and B) of influenza virus circulate in the population and are associated with most cases of human influenza. Although their genes have less than 30% overall sequence identity, the two types share a common ancestor and both possess genomes consisting of eight RNAs of negative sense polarity. Hemagglutinin (HA) and neuraminidase (NA) decorate the surface of the lipidcontaining virus particles, and these proteins are primarily responsible for the antigenic changes observed in influenza viruses.
New subtypes emerge, it is believed, when genes from animal influenza viruses are captured by the human virus via reassortment, which occurs when a host has been simultaneously infected by both virus types. Such an antigenic shift appears to present the human immune system with a novel antigenic experience, usually resulting in high morbidity and mortality. As shown in Figure 1 , influenza A viruses of the H1N1 (hemagglutinin 1, neuraminidase 1) subtype circulated from 1918 until 1957. They were then replaced by viruses of the H2N2 subtype, which continued to circulate until 1968. Since 1968, H3N2 viruses have been found in the population. Because H1N1 viruses returned in 1977, two influenza A viruses are presently cocirculating. In addition to antigenic shift, slight changes in the surface proteins caused by point mutations (antigenic drift) also allow the viruses to evade the human system, but it may take 3-5 years for a virus of a given subtype to accumulate enough point mutations to cause disease when it reinfects a previously exposed person.
Because type B influenza viruses circulate almost exclusively in humans, these viruses cannot undergo reassortment with animal strains and thus are changed only by antigenic drift. The type C influenza virus represents a distant third in disease-causing potential and is probably of little public health concern.
The present
Inactivated influenza virus vaccines. The main option for reducing the impact of influenza is vaccination. In the US, only inactivated influenza virus vaccines are approved at this time. To be effective, current vaccines must contain an H1N1, an H3N2, and a B virus component (see Table 1 ). Over the past several years, at least one of the components in the formulation had to be changed due to antigenic drift of the strain circulating in the human population. To prepare vaccines, the viral strains are grown in embryonated eggs, and the virus is then purified and made noninfectious by chemical inactivation.
The effectiveness of the vaccines that are currently available for influenza depends primarily on the anti-genic "match" of the circulating viruses with the strains used for vaccination, as well as on a subject's age and immune status. If efficacy is defined as preventing illness, studies show that current inactivated vaccines prevent illness in approximately 70-80% of healthy people under the age of 65, although this number may be far lower (30-40%) in the elderly population. On the other hand, if efficacy is defined as preventing death in the vaccinated individual, the current inactivated vaccines may be up to 80% effective, even in such a highrisk segment of the population as the elderly (3). Recommendations at present include vaccination of all people over the age of 50 and of high-risk groups and those who can transmit influenza to high-risk individuals. The potential benefits of vaccination in preventing disease, hospitalization, or even death greatly outweigh the possible risk of side effects or rare adverse reactions associated with the vaccine .
Antiviral agents. Any discussion of measures against influenza must consider the availability of effective antivirals. Four drugs are approved at present in the US: Amantadine and rimantadine are chemically related inhibitors of the ion-channel M2 protein involved in viral uncoating (4); and zanamivir and oseltamivir are NA inhibitors (5) and prevent the proper release of influenza virus particles from the cytoplasmic membrane. These four drugs are important adjuncts for any medical intervention against influenza (6) (7) (8) , and three of them can be used in prophylaxis against the virus (zanamivir has not yet been approved). Although these drugs are generally effective, their widespread use is limited by concerns over side effects, patients' compliance, and the possible emergence of drug-resistant variants. Nevertheless, these agents could be of extraordinary value should a new pandemic strain emerge against which a vaccine has not yet been developed. There is good reason to predict that these drugs would be effective against an emerging virus subtype that threatens to start a new pandemic.
The future of influenza vaccine design
Cold-adapted influenza virus vaccine. In Russia, live, coldadapted influenza virus vaccines have been administered to tens of millions of children with protective efficacy and without evidence of deleterious side effects. In addition, there is no sign of the spread of virulent revertants, either within Russia or globally (9) . In the US, the development of a cold-adapted influenza virus vaccine for humans has been pursued for more than 20 years, but licensure has not yet been obtained. Maassab and colleagues (10) passaged influenza viruses in chicken kidney cells and in embryonated eggs to adapt them to growth at 25°C. The resulting cold-adapted master strains are temperature-sensitive and are well suited for use as live vaccines because their pathogenicity, in animals as well as humans, is strongly attenuated. The annually updated vaccine formulations could therefore be generated by making "6:2 reassortants" in which the two genes encoding major viral surface antigens (HA and NA) reflect the sequence found in the current strains, whereas the remaining six genes derive from the cold-adapted master strains.
Such live-virus vaccines can be administered by nasal spray -a distinct advantage over the more difficult and costly route of intramuscular injection using needles. Live viruses can also induce local neutralizing immunity and cell-mediated immune responses, which may be associated with a longer-lasting and more cross-protective immunity than is elicited by chemically inactivated virus preparations. Finally, overall protection may be better in certain age groups (children 6 months to 9 years), and there is also evidence of a drastic reduction in secondary bacterial infections causing otitis media, and thus in the need for use of antibiotics (11) . The further use of live influenza virus vaccines will shed light on the benefits, potential risks, and economic and logistical consequences of this approach. Continuing surveillance and monitoring will be needed to safeguard against unexpected complications that might arise from the widespread use of cold-adapted vaccines.
Genetically engineered live influenza virus vaccines. The advent of techniques to engineer site-specific changes in the genomes of negative-strand RNA viruses (12, 13) has made it possible to consider new vaccine approaches. Specifically, it is now possible to tailor-make strains with unique properties that lead to attenuation. For example, exchanging the promoter region of the NA gene of an influenza A virus with that of an influenza B virus gene attenuates that strain in mice (14) . Alternatively, engineered changes in the PB2 gene led to a live influenza A virus candidate (15, 16) with interesting biological characteristics.
Live influenza virus vaccine candidates expressing altered NS1 genes. A further improvement of reverse genetics techniques now allows the rescue of influenza virus vaccine candidates from cells transfected with plasmids ( Figure 2 ) (17, 18) . This plasmid-only rescue system makes it possible to engineer deletions in the genomes of influenza viruses for improved stability. We have shown that the NS1 protein of influenza viruses has IFN-antagonist activity (19) . Following infection by a virus, the host usually mounts an antiviral IFN response. Many, if not all, viruses express an anti-IFN protein or an IFN-antagonist activity. In the case of influenza viruses, changing the NS1 protein can result in an altered virulence characteristic. Specifically, truncated NS1 proteins are responsible for increased attenuation of both influenza A and influenza B viruses in mice (20) . In humans, a virus lacking the NS1 gene may be too attenuated to be suitable for vaccines. However, we have found that viruses expressing the N-terminal 99 or 126 amino acids of the NS1 protein possess intermediate IFN-antagonist activity in mice. Such genetically engineered viruses may have optimal phenotypic characteristics for stimulating a robust immune response in humans, while at the same time being safely attenuated because they cannot completely overcome the IFN response by the host. It is thought that humans have redundant IFN genes in order to make the IFN response "fail-safe." Consequently, humans -even when immune-compromised -may respond effectively to a virus that has a reduced anti-IFN activity, and thus would not become ill. The fact that the IFN response should be higher in humans infected with NS1 mutants than in those infected with wild-type virus may lead to a vigorous (enhanced) humoral immune response. This is based on the finding that type I IFNs can potently enhance the primary antibody response to proteins and can act as adjuvants in mice (21) . If this immune-stimulatory effect is also observed in humans inoculated with NS1-mutant viruses, lower amounts of virus may be used for vaccination. If the inoculum size could be reduced by a factor of 100 relative to the dosage needed for the coldadapted vaccine, protection of large segments of the population in developing as well as developed countries would become feasible.
Use of replication-defective influenza viruses as vaccine candidates.
Another promising approach for the development of live influenza virus vaccines is the construction of virus particles that undergo only a single cycle of replication. For example, infection of cells with a preparation of virus particles lacking the gene for the NEP (NS2) protein will express viral proteins but will not result in the formation of infectious particles (22) . Thus, these preparations induce a protective antibody response and also stimulate a strong cell-mediated immune response without allowing the replication of infectious virus. Another way to attenuate the virus and generate a replication-defective strain is by the elimination of the M2 gene. Such a deletion strain grows efficiently in tissue culture substrates but only poorly in mice and thus represents a potential livevirus vaccine candidate (23) . Since it is believed that the analogous genes of influenza A and B viruses have identical functions, mutations or deletions found to be effective in influenza A viruses could also be tried in influenza B viruses.
DNA vaccination. DNA vaccination involves the administration -by injection or by topical application -of plasmid DNA encoding one or more of the influenza virus proteins. To date, reports on DNA vaccination against influenza have been limited to studies in animal models, including nonhuman primates (24) , with most of the work being done in mice, chickens, and ferrets (25, 26) . Although progress has been impressive, with protection shown against influenza challenge following DNA vaccination, it is likely that vaccination using DNA will be more appropriate for diseases such as AIDS, for which the use of attenuated vaccine strains may be difficult for safety reasons (see Letvin, this Perspective series, ref. 27). On the other hand, further improvements with DNA vaccination techniques may offer a universal approach to generating protective humoral and cell-mediated responses to a variety of foreign antigens, which may result in the development of effective vaccines against a wide variety of pathogens.
Novel adjuvant approaches. The killed or inactivated influenza virus vaccines presently in use are administered by intramuscular injection. In order to improve their immunogenicity, liposome-like preparations containing cholesterol and viral particles (ISCOMS [immune-stimulating complexes]) have been devised. These preparations are highly effective in mice when delivered by subcutaneous or intranasal administration (28) . Whether this approach will be successful in humans awaits further testing.
Another approach involves the use of Escherichia coli heat-labile toxin as adjuvant, complexed with lecithin vesicles to improve the immunogenicity of the trivalent inactivated influenza virus vaccine. Such "virosomal" preparations can be given intranasally and have been found to elicit a protective immune response, including an influenza-specific cell-mediated immunity (29) . Unfortunately, this vaccine, which was licensed for use in Switzerland, has been recalled since cases of Bell's palsy were reported in some vaccinees.
A universal vaccine against influenza? The possibility of developing a universal influenza vaccine has attracted the attention of many researchers, because the continuing antigenic change of influenza viruses necessitates reformulating the vaccine on a nearly annual basis. Although some components of the virus are more conserved than others, a convincing approach to a universal vaccine based on these conserved parts of the virus has yet to emerge, primarily because the most conserved components of the virus, the minor antigens, are less immunogenic and thus less likely to induce a protective response. Neirynck et al. (30) have attempted to generate a universal vaccine against influenza A virus by fusing the extracellular domain of the conserved M2 protein of an influenza A virus to the hepatitis B virus core protein. They found that intraperitoneal or intranasal administration in mice provided a high degree of protection against viral challenge, but it remains to be seen whether an immune response against a minor surface antigen like the M2 protein will be sufficient to provide full protection against influenza in the human population at large. Vaccines lacking HA and based solely on viral proteins like M2 (30) or NA (31) may not represent an improvement over currently approved vaccines unless the immune responses to these antigens can be strengthened, perhaps by adding appropriate cytokines to the viral protein preparations (32) or by developing acceptable adjuvants for use in humans (33) .
As an alternative to targeting only the well-conserved minor antigens, it may be possible to construct a "generic" HA that could be used as an immunogen in vaccines, based on a framework of conserved amino acids. Alternatively, predicting the evolution of human influenza viruses (34) or at least identifying an antigenic trend could be of great benefit in determining the most appropriate strains for use in an influenza virus vaccine. It is even possible that genetic engineering could be used to construct synthetic strains that anticipate evolutionary trends, and that these could be used in future vaccine formulations. Such vaccine candidates may have a better fit with concurrently circulating strains and might not need to be so frequently changed.
Conclusion
Influenza remains a serious disease despite the availability of antivirals and inactivated trivalent vaccines, which are effective for most recipients. Although these modalities of medical intervention are helpful, new approaches are being developed. Specifically, coldadapted live-virus vaccines, which have been used in millions of people outside the US, are now being considered for approval by the FDA. Other second-generation live-virus vaccines are being designed and tested in animals and are destined to be studied in humans.
Major improvements, based on novel adjuvants and recombinant DNA techniques, promise to change the landscape of vaccinology against influenza and many other infectious diseases.
